Lignocellulose contains up to 70% carbohydrate by weight (35 to 45% cellulose and 20 to 35% hemicellulose) and represents an excellent potential source of sugars for microbial conversion into renewable fuels, plastics, and other chemicals (9, 13, 15, 38) . Prior to fermentation, these carbohydrate polymers must be converted to soluble sugars. Hemicellulose can be conveniently hydrolyzed to sugar monomers using dilute mineral acids. However, this process is accompanied by side products that inhibit microbial growth (20, 21, 29, 30, (44) (45) (46) . Furfural, the dehydration product of pentose sugars, is one of the most important such inhibitors (1) . Previous studies have shown that furfural levels directly correlate with toxicity (20, 21) . Overliming treatments that render hemicellulose hydrolysates fermentable also reduce the levels of furfural. Full toxicity in overlimed hydrolysates is restored by the addition of furfural. Of the many components of hydrolysates that have been tested for toxicity, only furfural was found to potentiate the toxicity of other agents in binary combinations (45) .
A number of approaches have been used to investigate the mechanism of furfural action. Furfural and 5-hydroxymethyl furfural (dehydration product from hexose sugars) have been previously proposed to inhibit growth by damaging DNA (3, 16, 36) , inhibiting glycolysis and glycolytic enzymes (5, 11, 25) , and chemically reacting with cellular constituents (10, 30 ). An Escherichia coli enzyme has been partially purified and characterized that catalyzes the NADPH-dependent reduction of furfural to the less toxic alcohol furfuryl alcohol (7, 45, 46) . Global transcript analysis was used to identify ADH6 in Saccharomyces cerevisiae as an important enzyme for the reduction of 5-hydroxymethyl furfural (dehydration production of hexose sugars) to a less toxic product, 5-hydroxymethyl furfuryl alcohol (32) .
We previously described the isolation of a furfural-tolerant ethanologenic E. coli strain, EMFR9 (23) . This mutant strain was isolated by selecting for improved growth in the presence of furfural. Surprisingly, increased furfural tolerance in EMFR9 was accompanied by a decrease in the rate of furfural reduction in vivo and a decrease in the NADPH-dependent furfural reductase activity in vivo. Increased furfural tolerance was found to result in part from the silencing of two genes encoding NADPH-dependent oxidoreductase activity, yqhD and dkgA. Silencing of these two genes was proposed to permit increased growth in the presence of furfural by slowing depletion of the NADPH that is required for biosynthesis. In this study, we have used global transcript analysis to expand our investigations to include the broader cellular response to added furfural in the parent organism, E. coli LY180.
MATERIALS AND METHODS
Strains, media, and growth conditions. Ethanologenic strains (Table 1) were maintained in AM1 mineral salts medium (22) supplemented with 20 g liter Ϫ1 xylose for solid medium and 50 g liter Ϫ1 xylose or higher for fermentation experiments. Strain E. coli LY180 (23, 43 ) is a derivative of KO11 and served as the starting point for this investigation. Note that E. coli W (ATCC 9637) is the parent of strain KO11, initially reported to be a derivative of E. coli B (28) .
Fermentations were carried out as previously described (100 g liter Ϫ1 xylose, 37°C, 150 rpm, pH 6.5) with the automatic addition of 2 N KOH (22) .
Furfural tolerance was examined by measuring growth in standing tubes with a 4-ml total volume of AM1 and 50 g liter Ϫ1 filter-sterilized xylose as described previously (23) . Tubes were incubated at 37°C and measured after 24 and 48 h. The values reported are an average of four measurements.
Strain constructions. E. coli transhydrogenase genes were amplified (ribosomal-binding sites, coding regions, and a 200-bp terminator region) from strain LY180 genomic DNA using a Bio-Rad iCycler (Hercules, CA) with primers that provided flanking HindIII sites (23) . After digestion with HindIII, the product was ligated into HindIII-digested pTrc99a (vector) and transformed into E. coli TOP10FЈ (Carlsbad, CA). Plasmids were purified using a QiaPrep spin miniprep kit (Valencia, CA). Gene orientation was established by digestion with restriction enzymes and by PCR (Table 1) . Antibiotics were included as appropriate (24) .
Microarray analysis. Cultures were grown in small fermentors to a density of 670 mg dry cell weight liter
Ϫ1
. An initial sample was removed that served as a control. Furfural was immediately added from a 50-g liter Ϫ1 aqueous stock (0.5 g liter Ϫ1 final concentration) and incubation continued for 15 min prior to a second sampling. Samples were rapidly cooled in an ethanol-dry ice bath, harvested by centrifugation at 4°C, resuspended in Qiagen RNA Later, and stored at Ϫ80°C. RNA was extracted using a Qiagen RNeasy minikit, treated with DNase I, and purified by phenol-chloroform extraction and ethanol precipitation. RNA was sent to NimbleGen (Madison, WI) for microarray comparisons using probes designed for E. coli K12. Each sample consisted of pooled material from four fermentors. The complete experiment was performed twice, and the data were averaged (eight fermentors). Data were analyzed using ArrayStar (DNA Star, Madison, WI) and SimPheny software (Genomatica, Inc., San Diego, CA). Expression ratios are presented as the average of the two pooled data sets. In an experiment adding only water as a control, 54 genes (Ͼ2% of transcriptome) were found to change by more than twofold after water addition. Only eight of these were also affected by furfural addition, indicating that the transcriptional impact of the furfural delivery procedure was negligible relative to the effect of furfural.
NCA. Network component analysis (NCA) calculates transcription factor activity ratios from expression ratios and known regulatory connections and was performed as previously described (12, 17, 39) . The connectivity file was updated according to Regulon DB and Ecocyc (4, 14) . The regulon of the "stringent factor" was defined as previously described, by analysis of the 5-min response to serine starvation via serine hydroxamate treatment during mid-log growth of BW25113 in MOPS (morpholinepropanesulfonic acid)-glucose (12) . Regulators with significantly altered regulatory activity were identified by comparison to a null distribution and using a P value cutoff of 0.05.
Microarray data accession number. The microarray data have been deposited in NCBI's Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) with GEO series accession number GSE17786.
RESULTS
Transcriptomic effect of furfural. Message levels were compared in actively growing cells before and 15 min after the addition of 0.5 g liter Ϫ1 furfural. A water control was also included for comparison. Expression of a small group of genes was found to be altered by more than fivefold in response to furfural (see Table 4 ). Using a less stringent metric (twofold or greater), expression levels for ϳ400 genes (10% of the transcriptome) were altered in response to furfural addition as compared to either the water control or the culture prior to furfural addition. The distribution of these altered genes varied widely among functional groups, providing useful insight into the mechanism of furfural's action (Table 2 ). In most functional groups, expression levels of less than 10% of the gene members were altered by twofold or greater. Groups with this low frequency of change included cofactors, carbon compounds, regulatory genes, macromolecular synthesis genes (cell structure, DNA, lipids, transcription, and translation), and others (phage, putative/insertion sequence, regulatory, and unclassified/unknown). Expression levels for 10% to 20% of the member genes were altered in four groups (cell processes, central metabolism, energy, and transport). Most of the affected genes associated with central metabolism, energy, and transport increased in expression upon furfural addition. These changes could provide an opportunity to scavenge and metabolize additional compounds that may be available and to increase carbon flow for energy production. Although many of the altered genes concerned with cell processes are involved in motility and chemotaxis, strain LY180 is nonmotile (data not shown), and these genes were not investigated further. Consistent with a previous report (23) , two oxidoreductases capable of catalyzing the NADPH-specific reduction of furfural, YqhD and DkgA, were upregulated over fivefold (mRNA) in the parent by the addition of furfural, as previously reported. These two genes were silenced in a furfural-resistant mutant (EMFR9), resulting in an increase in furfural tolerance.
Expression levels for over 20% of the member genes in two Regulatory genes that were significantly perturbed were identified by NCA with a P value cutoff of 0.05 relative to a null distribution. Regulators with increased activity are shown in red with a solid border, regulators with decreased activity are shown in green with a dashed border. Regulators that showed a mixed activity are shown in gray. Table 3 gives a more comprehensive listing of all perturbed regulators. (A) Partial regulator gene response map. Representative genes that were perturbed more than twofold are shown, with red (green) indicating genes with increased (decreased) expression. Solid lines indicate activation by the connected regulator, and dashed lines indicate repression. Because the direction of perturbation for DcuR is unclear, this regulator is shown in gray. (B) Model illustrating the mechanism of growth inhibition by furfural. The addition of furfural induces two NADPH-dependent oxidoreductases (YqhD and DkgA) that compete with essential biosynthetic reactions for NADPH. Assimilation of sulfate requires 4 NADPH molecules per cysteine and appears to be the most vulnerable of these biosynthetic reactions, as evidenced by perturbation of CysB and MetJ and by the direct benefit of supplementation with alternative sulfur sources. Secondary consequences include depletion of sulfur amino acids and a cascade of events from stalled translation and accumulation of many non-sulfur building block intermediates to a more general stress response, as evidenced by perturbation of the stringent factor (SF) and biosynthesis regulators ArgR, PurR, and RutR. OALS, O-acetyl-L-serine; SAM, S-adenosylmethionine. functional groups were altered by the addition of furfural: amino acids and nucleotides. In these groups, over 2/3 of the altered genes were reduced by twofold or greater upon the addition of furfural. Expression levels for individual genes affecting the biosynthesis of purines, pyrimidines, and every family of amino acids were reduced by twofold or greater upon the addition of furfural. A single gene involved in nucleotide metabolism and only eight genes involved in amino acid metabolism exhibited a furfural-dependent increase in expression of at least twofold. Together, these changes agree with the general decrease in biosynthesis and growth observed upon the addition of furfural.
Effect of furfural on regulatory activity. NCA was used to provide a global view of the cellular response to furfural. This analysis uses known regulatory network structure to identify regulators with perturbed activity from transcriptome data (17, 39) . Of the 60 regulators included in this analysis, 22 were identified as having significantly altered expression after furfural challenge, where significance was assessed relative to a random network ( Fig. 1A; Table 3 ). Regulators of cysteine and methionine biosynthesis (CysB and MetJ) as well as repressors of amino acid (ArgR) and nucleotide biosynthesis (PurR) were significantly affected by furfural addition. The stringent factor, a collective indicator of the stringent response (diversion of resources away from growth during amino acid and carbon starvation) also shows activation consistent with stalled biosynthesis and an excess of many intermediates. Together, these results indicate that the pools of many amino acids and biosynthetic intermediates have been altered by furfural addition. The fact that expression of genes concerned with cysteine and methionine biosynthesis increased while expression of most other biosynthesis pathways declined is consistent with a depletion of cysteine and methionine pools as an early event resulting from a furfural challenge.
RpoS, a sigma factor that acts as a signal for general stress response, was also affected by the addition of furfural, indicating that the cell recognizes the presence of a stress-inducing agent. Since up to 10% of E. coli's genome is regulated in some fashion by RpoS (31, 42) , it is difficult to determine a specific inhibitory response. Examples of RpoS-regulated genes with increased expression include poxB (conversion of pyruvate into acetate and CO 2 ) (47) and otsA (trehalose production during osmotic stress response) (37) .
ArcA appeared to be significantly downregulated by NCA, as evidenced by increased expression of numerous genes in central metabolism (aceB, aceE, sdhC, dctA, cyoA, and fumA) and downregulation of fumB, a gene typically known to be active under anaerobic conditions. The upregulation of several glycerol metabolism genes (glpT and glpD in Fig. 1A , and glpF and glpK in Table 2 ) led us to investigate the effect of glycerol supplementation on furfural tolerance. However, the addition of glycerol (1.0 to 20 g liter Ϫ1 ) had no effect on furfural tolerance (data not included). Several other regulators, including fis and crp, were found to be significantly altered by NCA.
Histidine may also be limited by the addition of furfural. Genes (hisA, hisB, hisC, hisD, hisF, hisH, and hisI) under the control of the His regulator (histidinyl-tRNA) were generally increased after the addition of furfural, although less than twofold (Fig. 2) . The two terminal steps in histidine biosynthesis involve the reduction of NAD ϩ to NADH, a reaction that may be slowed by the high NADH/NAD ϩ ratio associated with fermentation.
Effects of furfural on expression of genes concerned with sulfur assimilation into amino acids. Many genes (cysC, cysH, cysI, cysM, cysN, cysQ, metA, metB, metC, metL, sbp, tauA, tauB, tauC, and tauD) concerned with sulfur assimilation into cysteine and methionine were increased by twofold or greater. These are scattered within several functional groups ( Many additional genes involved in sulfur assimilation were also upregulated less than twofold and have been included to demonstrate the broad furfural response (Fig. 3) . Sulfur is supplied as sulfate in AM1 medium and must be reduced to the level of hydrogen sulfide for incorporation, an energy-intensive reaction requiring 4 molecules of NADPH. The furfural-induced increase in expression of these genes is in sharp contrast to the decreases observed for many other genes concerned with the biosynthesis of amino acids, purines, and pyrimidines ( Table  2) . Expression of the taurine transport genes (tauABCD; alternative source of sulfur), the sulfate-binding transport protein (sbp), and the transcriptional activator of many cysteine biosynthetic genes (cbl) were increased by more than fivefold in response to added furfural (Table 4) . Together, these results suggest that the addition of furfural results in an intracellular deficit in sulfur-containing amino acids (cysteine and methionine) which may be associated with the high NADPH requirement in this pathway. Effect of amino acid supplements on furfural tolerance. All 20 amino acids were individually tested for their ability to improve the growth of LY180 in AM1 mineral salts medium (Fig. 4A) . A concentration of 0.1 mM was selected roughly based on the cellular content of individual amino acids (27) . Only five amino acids improved furfural resistance when supplied at this low concentration: cysteine Ͼ methionine Ͼ serine and arginine Ͼ histidine. The two sulfur amino acids were clearly the most beneficial for furfural resistance. When supplied at a fivefold-higher concentration (0.5 mM), all amino acids were beneficial to some degree (Fig. 4B) . However, cysteine remained the most effective, followed by serine, methionine, and arginine. A cysteine concentration of 0.05 mM allowed LY180 to grow to a density of 0.8 g liter Ϫ1 in the presence of 1 g liter Ϫ1 furfural, approximately equal to the total cellular sulfur (Fig. 4C) . No measurable improvement in furfural resistance was observed with 0.01 mM cysteine.
We considered the possibility that the protective effect of L-cysteine could result from a chemical reaction with furfural in AM1 medium. However, protective concentrations of cysteine (0.05 mM) were 200-fold lower than that of 1 g liter Ϫ1 furfural (10 mM), making this unlikely. Furfural in mineral salts medium can be readily quantified by its characteristic spectrum (19, 20) and remained unchanged during 48 h of incubation at 37°C, consistent with minimal chemical reactivity.
The beneficial effects of histidine, serine, and arginine for furfural tolerance are not immediately apparent. Most genes concerned with histidine biosynthesis increased in response to furfural addition, although less than twofold (Fig. 2) . De novo biosynthesis of histidine during fermentation may be constrained by the high NADH/NAD ϩ ratio during anaerobic growth and the requirement for further reduction of NAD ϩ in the two terminal steps of biosynthesis. Similarly, the first committed step in serine biosynthesis also involves the reduction of NAD ϩ and may be hindered during fermentation. Increasing serine may also increase the efficiency of incorporating reduced sulfur from H 2 S into cysteine. Genes concerned with arginine biosynthesis (argA, argB, argC, argD, carA, carB, and argG) were generally lowered by more than twofold upon the addition of furfural. The expression level of speA encoding arginine decarboxylase was increased by the addition of furfural. The degradation of arginine may provide useful intermediates and cofactors for biosynthesis.
Effect of alternative sulfur sources on furfural tolerance. The addition of furfural inhibited growth and increased the transcription of genes concerned with sulfur assimilation. Genes involved in the uptake and incorporation of the alternative sulfur compound taurine (tauABC and tauD) were among the 10 genes with the largest increases in expression ( Table 4 ). The tau genes are typically expressed only during sulfur starvation (40) . Since cysteine was effective in relieving furfural inhibition, the increased expression of these genes can be presumed to result from a reduction in the pool of sulfur amino acids by furfural. Furfural could inhibit sulfur amino acid biosynthesis either by limiting the availability of reduced sulfur (H 2 S) from sulfate or by inhibiting the incorporation of reduced sulfur into cysteine. 
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These hypotheses were examined during growth in AM1 medium containing 1 g liter Ϫ1 furfural by comparing the effects of alternative sulfur sources (L-cysteine, D-cysteine, taurine, and sodium thiosulfate) that enter metabolism at different levels of reduction (Fig. 4D) . Note that 4 NADPH molecules and two reductase enzymes (CysH and CysIJ) are required to fully reduce sulfate prior to assimilation into cysteine. L-Cysteine, D-cysteine, and thiosulfate bypass both reductase enzymes, and all were effective at relieving furfural inhibition.
D-Cysteine cannot be incorporated directly and is first catabolized to H 2 S (26). Thiosulfate also serves as a source of reduced sulfur for incorporation by CysM (18) . Taurine is catabolized to sulfite in the cytoplasm and must be reduced by sulfite reductase (CysIJ and 3 NADPH molecules) prior to assimilation into cysteine (35) . Unlike cysteine and thiosulfate, taurine was not effective in preventing the inhibition of growth by 1 g liter Ϫ1 furfural. These results with alternative sulfur sources indicate that furfural acts to inhibit growth by limiting the production of reduced H 2 S from sulfate rather than by inhibiting the incorporation of reduced sulfur into cysteine. With taurine as a sulfur source, furfural must act at the level of sulfite reductase (CysIJ), which has a higher K m for NADPH (80 M) (34) than the furfural reductase YqhD (8 M) (23) . With sulfate as a sulfur source, further effects of furfural at earlier steps in sulfur assimilation cannot be excluded. Effect of increasing transhydrogenase expression on furfural tolerance. Previous studies have shown that growth is inhibited only while furfural is being metabolized and resumes after complete reduction to furfuryl alcohol by NADPH-dependent enzymes (7, 23) . Silencing two genes (yqhD and dkgA) encoding low-K m , NADPH-dependent furfural reductases provided resistance to over 1.0 g liter Ϫ1 furfural. Although furfural may inhibit sulfur amino acid production by directly affecting enzymes concerned with the conversion of sulfate and sulfite to H 2 S, it is also possible that the inhibition of this process results from an indirect effect of furfural on the availability of NADPH. To test this hypothesis, the two E. coli transhydrogenases (SthA and PntAB) were cloned into pTrc99a and confirmed by sequencing.
SthA is a cytoplasmic transhydrogenase with kinetic characteristics that promote function primarily in the direction of NADPH oxidation (33) . Expression of the sthA gene from a plasmid did not alter furfural tolerance with or without IPTG (isopropyl-␤-D-thiogalactopyranoside) induction (Fig.  5) . Functionality of the cloned gene was confirmed by in vitro assays. Upon induction with 0.1 mM IPTG, activity was found to increase from ϳ1.0 nmol min Ϫ1 mg protein Ϫ1 to 18 nmol min Ϫ1 mg protein Ϫ1 . PntAB is a proton-translocating transhydrogenase that is not known to function during fermentative growth but is potentially capable of increasing the pool of NADPH (33) . Leaky expression of pntAB from an uninduced plasmid partially re- (Fig. 5) . Addition of IPTG to express higher levels of this enzyme eliminated resistance to furfural and also inhibited the growth of cells in the absence of furfural. Based on these results, furfural appears to inhibit growth by depleting the supply of NADPH needed for biosynthesis. The large requirement of NADPH for sulfate assimilation (4 molecules per cysteine equivalent) and the limited routes for NADPH production from xylose during fermentation appear to have made the production of sulfur amino acids most vulnerable to competition from furfural reductases for NADPH.
DISCUSSION
Based on the transcriptional and regulatory changes that were observed in response to the addition of furfural, a partial response map was assembled (Fig. 1B) . This map combined with a summary of perturbed genes (Table 2 ) allowed the identification of sulfur assimilation into amino acids as an early site of furfural action. Furfural increased the expression of many genes and regulators concerned with sulfur assimilation into cysteine and methionine (Fig. 3) , consistent with deficiency in these sulfur amino acids. In contrast, furfural lowered the expression of many other biosynthetic genes for building block molecules, consistent with their excess. Furthermore, the addition of low concentrations (0.1 mM) of cysteine and methionine relieved growth inhibition by 1 g liter Ϫ1 furfural (Fig.  4A) . The minimum effective level of cysteine (0.05 mM) was similar to the estimated sulfur amino acid content of the cells that grew in the presence of 1 g liter Ϫ1 furfural. Previous studies investigated the transcriptional response of E. coli strain K-12 to sulfur limitation during growth in minimal medium. Sulfur limitation was induced by replacing sulfate with either 0.25 mM taurine or 0.25 mM glutathione (8) . In their study, a sulfur limitation reduced the rate of synthesis of cysteine and methionine and induced oxidative stress. Interestingly, the sulfur limitation also increased the transcription of cbl and the taurine transport genes (tauABC), two effects also observed in our furfural response data (Table 2) .
At low concentrations, serine (a precursor of cysteine), histidine, and arginine were also effective at reducing furfural inhibition of growth. All amino acids were effective to some extent when added at a fivefold-higher concentration (0.5 mM). Transcript levels for most genes concerned with histidine biosynthesis were elevated, indicating a shortage of histidine (Fig. 2) . Intracellular pools of histidine and serine may be limited to some extent during anaerobic growth since both biosynthetic pathways include reactions that reduced NAD ϩ to NADH. These reactions may be hindered by the high NADH/NAD ϩ ratios typical of fermentation, reducing pool sizes. The beneficial action of arginine was surprising because expression levels for genes concerned with arginine biosynthesis (argA, argB, argC, argD, carA, carB, and argG) were lowered by the addition of furfural, consistent with an excess of this amino acid. Furfural also increased the expression of arginine decarboxylase (speA), an enzyme concerned with arginine increasing intracellular pH and degradation. It is possible that degradation products of arginine increase furfural tolerance.
The inhibition of sulfur amino acid synthesis by furfural was localized to the steps prior to sulfur assimilation into cysteine (Fig. 3 ). Alternative sulfur sources at different degrees of reduction were tested as supplements during growth with furfural (1 g liter Ϫ1 ) (Fig. 4D) . The cytoplasmic degradation of D-cysteine and thiosulfate both provided a source of reduced sulfur for direct incorporation into cysteine and relieved the inhibition of growth by furfural. Taurine is degraded intracellularly to sulfite, a partially reduced sulfur source that needs further reduction by CysIJ prior to incorporation into cysteine. Unlike thiosulfate, the addition of taurine (sulfite) had no effect on furfural tolerance despite the high expression levels of genes encoding taurine transport (tauABC) and degradation (tauD). Together, these results indicate that furfural inhibits sulfate assimilation by interfering with the reduction of sulfite by CysIJ. Additional inhibitory effects may also be present at earlier steps and cannot be excluded. The inhibition of sulfate reduction is unlikely to represent the initial action of furfural that inhibits growth (Fig. 1B) . Prior studies have reported the isolation of a furfural-resistant mutant of E. coli (23) . Resistance was demonstrated to result partially from the silencing of two NADPH-dependent enzymes (YqhD and DkgA) that reduce furfural to furfuryl alcohol, a less toxic compound (45, 46) . Based on these results, furfural was proposed to inhibit growth by limiting the available NADPH for biosynthesis. Results from our gene array studies provide further support for this hypothesis. Sulfate assimilation, the most NADPH-intensive pathway in metabolism, was found to be the most vulnerable site for furfural action. Growth inhibition by 1 g liter Ϫ1 furfural was relieved by supplying reduced sulfur for amino acid biosynthesis. Many other NADPH-dependent biosynthetic reactions would also be adversely affected by the NADPHdependent reduction of furfural. Supplying reduced sulfur for biosynthesis as well as other building block metabolites would have a general sparing effect on the NADPH pool, consistent with the growth benefit provided by individual amino acids (Fig. 4A and B) . A direct linkage between furfural inhibition of growth and NADPH was further demonstrated by expression of the proton-translocating transhydrogenase genes, pntAB. Low-level expression of these genes without inducer was shown to increase furfural tolerance.
Depletion of cysteine and methionine levels by furfural would be expected to initiate a cascade of cellular events (Fig. 1B) , including stalled ribosomes that trigger a stringent response (6) . The accumulation of other amino acids and nucleotides would activate repressors of biosynthesis such as ArgR and PurR and decrease expression of many biosynthetic pathways. NADPH depletion can also explain the altered activity of ArcA and the resulting increase in expression of tricarboxylic acid cycle-related genes, as ArcAB activity is known to be sensitive to the cellular redox ratio (41) .
Nearly half of the genes perturbed more than twofold by furfural addition have either putative function (102 genes) or are unclassified (3 genes) or unknown (57 genes). With so little information available about these, it is difficult to classify their role in the furfural response. However, it is clear from the available data that inhibition of sulfate assimilation is a major component of the furfural-mediated response. 
